Irradiation of high-energy ultrasonic vibration in metals and alloys generates oscillating strain and stress fields in solids, and introduces nonlinear effects such as cavitation, acoustic streaming, and radiation pressure in molten materials. These nonlinear effects can be utilized to assist conventional material processing processes. This article describes recent research at Oak Ridge National Labs and Purdue University on using high-intensity ultrasonic vibrations for degassing molten aluminum, processing particulate-reinforced metal matrix composites, refining metals and alloys during solidification process and welding, and producing bulk nanostructures in solid metals and alloys. Research results suggest that high-intensity ultrasonic vibration is capable of degassing and dispersing small particles in molten alloys, reducing grain size during alloy solidification, and inducing nanostructures in solid metals.
I. INTRODUCTION
ULTRASOUND waves, like all sound waves, consist of cycles of compression and expansion. When ultrasound is applied in a liquid, the compression cycles exert a positive pressure on the liquid and the expansion cycles exert a negative pressure. The pressure increases with increasing intensity of ultrasonic vibration. The injection of high-intensity ultrasonic energy in liquid is capable of producing unique nonlinear effects such as cavitation and acoustic streaming. [1, 2] Cavitation, or the formation of small cavities in the liquid, occurs as a result of the tensile stress produced by an acoustic wave in the rarefaction phase. These cavitation cavities continue to grow by inertia until they collapse under the action of compressing stresses during the compression half-period, producing high-intensity shock waves in the fluid. Acoustic streaming is a kind of turbulent flow that is developed near various obstacles (interfaces) due to energy loss in the sound wave. These nonlinear effects can be utilized for the processing of molten metals and for the improvement of the solidification structure for ingots and castings.
Ultrasonic vibrations also produce oscillating strain and stress fields in solid materials. Experiments have shown that ultrasonic vibrations above a critical intensity increase the concentration of dislocations and point defects in solids. [1] The density of the defects increases with increasing intensity and time of ultrasonic vibrations. When the density of the dislocations is high enough, an alignment of dislocations occurs, forming small grains in metals and alloys. These alternating stresses and strains induced in solid materials using ultrasonic vibration can be utilized for assisting solid metal forming processes.
In the past half century, high-intensity ultrasound has received much attention by scientists all over the world, especially in the former Soviet Union. Numerous applications have been tested including, for instance, ultrasonic cleaning, welding, machining, ultrasonic atomization, and metalworking. In the past 10 years, the U.S. Department of Energy (DOE) and Oak Ridge National laboratory have been sponsoring a number of projects investigating the use of high-intensity ultrasonic vibrations for material processing, including degassing of molten aluminum, grain refining of alloys during solidification, modifying microstructure during welding, and forming nanostructures in solid metals. Industrial companies are also interested in these areas as well as areas such as processing of particulate-reinforced metal matrix composites (MMCs) and ultrasonic-driven shot peening. This article describes some of the research results obtained in my group on ultrasonic processing of materials.
II. ULTRASONIC DEGASSING
Gas porosity is one of the major defects in aluminum shape castings. The presence of porosity is detrimental to the mechanical properties, notably the fatigue resistance and the pressure tightness of a casting. Gas porosity occurs when the gas concentration in the molten metal is higher than its solubility. In liquid aluminum alloys, the only gas that has a measurable solubility is hydrogen. [3] To make things worse, the solubility of hydrogen in liquid aluminum is much higher than that in the solid. As a result, dissolved hydrogen precipitates from the liquid during solidification and forms pores in a casting. The removal of the dissolved hydrogen in the molten aluminum alloy is critical for the production of high-quality castings.
Several methods are currently in use to degas aluminum. These methods include lance degassing using argon or nitrogen, rotary degassing, tablet degassing using hexachloroethane (C 2 Cl 6 ), and vacuum degassing. [4] Rotary degassing is the most widely used method for degassing in aluminum alloys. The process is efficient but the use of chloride and moving parts such as the graphite rotor is a drawback. Vacuum degassing and lance degassing are slower processes compared to rotary degassing. None of these methods are capable of degassing particulate-reinforced MMCs.
Ultrasonic degassing, [5] [6] [7] an environmentally clean and relatively inexpensive technique, uses high-intensity ultrasonic vibrations to remove hydrogen in molten aluminum. An ultrasonic wave propagating through a liquid metal generates alternate regions of compression and rarefaction. When the intensity of the ultrasonic vibration is high enough, a large number of tiny vacuum cavities are generated in the melt. The dissolved gas diffuses into these vacuum bubbles and is removed out of the melt as the bubbles escape from the melt surface.
The ultrasonic degassing system usually consists of an ultrasonic generator, an ultrasonic converter, a horn, and an acoustic radiator or sonotrode to transmit ultrasonic vibration into molten aluminum. No moving or rotation parts are used in the degassing system. No inert gases or chlorine is needed. Xu et al. [5] used ultrasonic degasser consisting of a 20 kHz ultrasonic generator and air-cooled converter driven by piezoelectric lead zirconate titanate crystals. They studied ultrasonic degassing systematically in A356 alloy. Processing variables included the vibration times, temperature and volume of the molten metal, and the humidity of degassing environment. Figure 1 shows the hydrogen content as a function of ultrasonic vibration times. Figure 2 illustrates the porosity level in the specimen produced under reduced pressure testing (RPT) conditions. [5] The experiments were carried out using a crucible containing 0.2 kg of A356 alloy held at 1013 K (740°C) under two levels of humidity.
Without ultrasonic vibration, the hydrogen content of the specimen cast under a humidity of 60 pct was much higher than that cast under a humidity of 40 pct. The initial hydrogen concentration was 0.45 and 0.36 ppm at humidity levels of 60 and 40 pct, respectively. The RPT specimen was porous as it is shown in Figure 2 (a). With ultrasonic vibrations, the hydrogen content decreased sharply with increasing ultrasonic processing times in just the first minute. Much porosity cannot be seen on the polished section of the RPT specimen shown in Figure 2 (b). With further increase in vibration times, the hydrogen content was further decreased until a steadystate hydrogen concentration was reached when the rate of hydrogen removal equaled to the hydrogen absorption at the surfaces of the molten metal. The results shown in Figures 1 and 2 suggest that ultrasonic degassing in a small aluminum melt is extremely fast. No matter what the initial hydrogen concentrations are, degassing can be achieved within 1 minute. Similar work was carried out by Liu et al. [8] for degassing molten particulate-reinforced aluminum MMCs. Ultrasonic degassing is effective in reducing gas porosity in aluminum MMCs.
One of the limitations for ultrasonic degassing is the volume of the melt. The ultrasonic processing time required for reaching the steady-state plateau hydrogen concentration increases with increasing volume (weight) of the melt. Degassing times were 1 minute for a 0.2 kg melt, 4 minutes for a 0.6 kg melt, and 7 minutes for a 2.0 kg melt. Degassing rate in a larger volume melt is much slower than that in a smaller melt. Fast degassing of a large-volume melt can only be obtained by the use of multiple ultrasonic radiators to process the molten metal.
Ultrasonic degassing is closely related to the cavitation in the melt. Cavities created during cavitation are in the micron level and are ideal for collecting dissolved hydrogen in the melt. The issue is that these tiny cavities are instantaneous (exist during certain cycles of vibration). An innovative way to make a full use of these tiny instantaneous bubbles is to introduce some tiny bubbles of inert gases into the melt to collect the cavitation bubbles, making them survival until their escaping from the melt surface. Lance degassing uses inert gases for degassing but the size of the bubbles is too big. If, however, ultrasonic vibration is applied to the outlet of a lance, the pressure variation induced by acoustic waves can easily break up the large argon bubbles into numerous smaller bubbles. These argon-containing bubbles are stable in the liquid and are able to collect those tiny cavitation bubbles by coalescence when these two types of bubble meet each other. In fact, the ultrasonic radiator can be used as the lance, and a small amount of inert gas is enough to produce a large number of bubbles of that inert gas. This should be favorable for more efficient degassing. Based on such considerations, ultrasonically assisted lance degassing was proposed and patented. [9] Degassing equipment became commercially available in 2013.
[10] Figure 3 shows the hydrogen content of the melt as a function of processing times in 5 kg melts processed using either argon lance degassing or ultrasonically assisted lance degassing. [6] As illustrated in Figure 3 , ultrasonically assisted lance degassing is more efficient for degassing than argon degassing. When ultrasonicassisted argon degassing was used, the aluminum melt reached the steady-state plateau hydrogen content in 5 minutes, whereas more than 10 minutes was required when argon degassing alone was used. The efficiency of ultrasonically assisted lance degassing is almost two times that of argon degassing.
The benefits of ultrasound-assisted lance degassing include (1) a reduction of dross formation during degassing, (2) much reduced use of inert gases and no use of chlorine since the alternating pressure induced by ultrasound creates fresh metal/bubble interfaces on the bubbles, and (3) removal of trace elements such as Na and Li.
When the large argon bubbles are injected into the molten metal during lance degassing or rotary degassing, the top surface of the melt is turbulent as the large bubbles escape from the melt. The oxide layer on the melt top surface is broken so the molten aluminum is exposed to air, forming more oxides. The use of ultrasonic vibration beaks up the large argon bubbles into tiny bubbles and makes the melt surface less turbulent. Furthermore, the shorter degassing time with ultrasound-assisted lance degassing means much less time for dross to be formed. Table I lists the measured weight of dross formed during lance degassing and ultrasound-assisted lance degassing. [7] At a processing time of 15 minutes, the amount of dross formed with lance degassing is 39.4 g but only 6.4 g of dross is formed with ultrasound-assisted lance degassing. Thus, six times more dross was formed using lance degassing than that using ultrasound-assisted lance degassing. Considering degassing times for these two methods (5 vs 10 minutes), dross formation during ultrasound-assisted lance degassing is much less than one-sixth of that during lance degassing.
Tiny bubbles created during ultrasound-assisted lance degassing are also effective in removing trace elements such as Na and Li. Rundquist and Manchiraju [10] performed studies using ultrasound-assisted lance degassing in 5154 alloy and found that the Na and Li levels were reduced from 18 to 6 ppm before degassing to 2 and 3 ppm, respectively, after ultrasonic degassing. This result is important since trace elements such as Na are detrimental to the castability and formability of aluminum alloys. Of special importance to the wire rod production is the Na and Li levels. Na and Li levels higher than 5 ppm will affect the conductivity, hardness, rollability, and drawability of the final product.
III. PARTICULATE-REINFORCED METAL MATRIX COMPOSITES
Particulate-reinforced MMCs have attracted considerable attention in the automobile and aerospace industries due to their excellent properties, such as low density, high-specific strength and modulus, as well as their high wear resistance. The most inexpensive process for making MMCs components is the casting process. [11] This process involves the mixing of reinforcement ceramic particles in molten metal using a stirrer. The ceramic particles can be directly added or formed by adding particle-forming elements. The molten metal containing a fraction of ceramic particles is then stirred vigorously before being cast into net-shaped component. The method has been widely used for making MMCs but is not able to disperse particles smaller than a few microns into the molten metal because these small particles tend to form large clusters which are difficult to be broken up using mechanical stirring.
Recently, a new processing method for metal matrix nano-composites (MMNCs) has emerged. [12, 13] The method involves the use of high-intensity ultrasonic vibration to break up clusters of small (nano) particles and to disperse them into the molten metal. The irradiation of high-intensity ultrasonic energy into molten metal brings about cavitation and consequent implosion of the cavities. Since the cavities are formed near solid interfaces, the implosion of a cavity near a solid interface is asymmetric. As the size of a cavity becomes too large, the liquid rushes into the bubble as the cavity implodes, forming a micro-jet of liquid at roughly 400 m/s. The impact of the micro-jet leads to the formation of transient micro ''hot spots'' that can have temperatures about 5273 K (5000°C), pressure about 1000 atm, and heating/cooling rates above 10 10°K /s. [14] The implosion of the cavitation bubbles also produces extensive shock waves in the molten metal. These strong shock waves, coupling with localized high temperature and pressure, have the potential of breaking up clusters of small particles and disperse the individual particles into molten metal.
Experiments on MMNCs were less satisfactory because it was difficult to add nanoparticles into molten metal. Furthermore, nanoparticles are bound to be pushed by the growing dendrites during the solidification process of a composite and segregated at grain boundaries. [15] High-intensity ultrasonic vibration, however, is effective in dispersing submicron ceramic particles that are formed in situ in molten metals. The selfpropagation high-temperature synthesis (SHS) method [16] is one of the methods that can form ceramic particles in situ in a molten metal. The method involves mixing of powers of elemental materials using ball milling, forming green pellets of the mixed powers using a press, and adding the pellets in a molten metal to start the chemical reactions. Composite materials were fabricated by SHS method, i.e., adding the pellets of Al, Ti, C, or B powders into a molten Al alloy. These materials included 20 pctTiCp/Al MMCs, 20 pctTiCp/Al12Si, 20 pctTiCp/Al-12Si-4Cu, 20 pctTiB 2 /Al, TiB 2 /Al12Si, and TiB 2 /Al12Si4Cu. It has been successfully demonstrated that high-intensity ultrasonic vibration can be used to disperse particles in these molten materials from their particle agglomerations. [8, [17] [18] [19] Figure 4(a) depicts the microstructure of a TiB 2 / Al12Si4Cu specimen fabricated using the conventional SHS process. The specimens contain clusters of TiB 2 particles, needle-like Al 3 Ti particles, and pores. The use of high-intensity ultrasonic vibration significantly improves the dispersion of the TiB 2 particles in ingot and removes the needle-like Al 3 Ti particles. The needle-like Al 3 Ti particles are removed within just 1 minute of ultrasonic vibration shown in Figure 4 (b). Most likely these needle-like Al 3 Ti particles have been broken up into small spherical Al 3 Ti particles. The size of the TiB 2 clusters is also reduced with increasing ultrasonic vibration times (Figures 4(a) through (c) ). When the ultrasonic vibration time is longer than 4 minutes, most of the TiB 2 particles have been dispersed from their agglomerations shown in Figures 4(d) and (e). Individual TiB 2 particles have been uniformly distributed in the aluminum alloy matrix using high-intensity ultrasonic vibrations. Degassing using ultrasonic vibration has also been demonstrated. Pores shown in Figure 4 (a) are removed in samples processed with high-intensity ultrasonic vibration for longer than 2 minutes (Figures 4(c) through (e)). [8] Ultrasonic vibration is also effective in breaking up reaction products from the surface of un-reacted metal powders, producing new particles much smaller than the original un-reacted particles. The process is a modified SHS process in which loose powders of Ti are added into molten aluminum alloy. [19, 20] High-intensity ultrasonic vibration is then applied into the melt to encourage the chemical reactions between the melt and the powers and to break up the resultant Al 3 Ti particles from the larger titanium particles. Ingots of 5, 10, and 15 wt pct Al 3 Ti/Al composites have been fabricated. Figures 5 and 6 illustrate the small blocky Al 3 Ti particles formed in situ in the melt. The size of the Al 3 Ti particles produced using this unique process is in the range of 1 to 10 lm, much smaller than the Al 3 Ti particles being added into the molten metal. Initial microstructural characterization indicates that spherical or blocky Al 3 Ti particles are formed rather than Al 3 Ti needles. It is believed that the shock wave and acoustic streaming account for the formation of these small and blocky particles. The Al 3 Ti phase formed on the interface between the molten aluminum and the solid Ti particles is peeled off from the Ti particles. These Al 3 Ti fragments become blocky/spherical during the ripening process of the particles in molten alloy. This result is interesting because it opens up opportunities for the use of cheap Ti powders for forming composites using the SHS method. Still, our work has been focused on samples of small size using one sonotrode. Multiple sonotrodes will be needed for processing a large volume of materials.
IV. GRAIN REFINING
Grain refining is a process by which the crystal size of the newly formed phase is reduced by either chemical or physical/mechanical means in order to make alloys castable. Usually, grain refiners are added into molten metal to eliminate columnar grains and reduce the size Table I . Amount (Grams) of Dross Formed at Various Degassing Times [7] Degassing Method Degassing Time (min) of equiaxed grains during the solidification process. Grain refining of metals and alloys is important for many reasons, including maximizing ingot casting rate, improving resistance to hot cracking, minimizing elemental segregation, enhancing mechanical properties, particularly ductility, improving the finishing characteristics of wrought products and increasing the mold filling characteristics, and decreasing the porosity of foundry alloys. Usually, grain refining is one of the first processing steps for the production of metal and alloy products At present, nearly all aluminum cast in the world either from primary (approximately 40 billion lbs.) or secondary and internal scrap (50 billion lbs.) is grain refined with heterogeneous nuclei of insoluble TiB 2 nuclei approximately a few microns in diameter, which nucleate a fine grain structure in aluminum. Although necessary for grain refining, the insoluble, foreign particles are otherwise undesirable in aluminum, particularly in the form of particle agglomerates (''clusters''). The current grain refiners, which are present in the form of compounds in aluminum base master alloys, are produced by a complicated string of mining, beneficiation, and manufacturing processes. The master alloys used now frequently contain potassium aluminum fluoride (KAIF) salt and aluminum oxide impurities (dross) which arise from the conventional manufacturing process of aluminum grain refiners. These give rise to local defects in aluminum (e.g., ''leakers'' in beverage cans and ''pin holes'' in thin foil), [21] machine tool abrasion, and surface finish problems in aluminum. The use of chemical grain refiners introduces in excess amount of Ti in aluminum, which contaminates the metal and may reduce the electrical conductivity of pure aluminum.
The use of high-intensity ultrasonic vibrations during solidification in place of grain refiners can produce smaller grains without the disadvantages of using grain refiners. [22] [23] [24] As the waves go through the melt, cavitations create sites for heterogeneous nucleation to occur, while acoustic streaming provides a current to distribute the nucleants in the melt. Acoustic streaming also provides energy to break up dendrite arms of the solidifying grains, thus forming smaller grains. The work at my group has been focused on exploring the maximum effect of grain refining both in aluminumsilicon-based alloys and in pure aluminum metal. Grain refining of aluminum metal and its alloys solidifying at high cooling rates has been proved to be difficult using other grain refining methods, but is feasible using highintensity ultrasonic vibrations. [25] Figure 7 shows grain refinement in aluminum A356 alloy. [26] The alloys were cast into a copper mold holding 250 g specimen about 5 cm diameter hemisphere. Ultrasonic vibration was applied directly at the bottom of the ingot through a hole in the mold. [25, 26] Without ultrasonic vibrations, primary aluminum grains were dendritic and the grain sizes were large. With ultrasonic vibrations, the primary aluminum grain sizes are reduced. When the ultrasonic vibration is injected into the ingot under optimum conditions, spherical grains in the size range of 30 lm have been obtained. 30 lm might be the smallest grain size that has ever been produced using other grain refining techniques for such size of an ingot. These spherical grains are essentially suitable for semi-solid metal processes.
The optical micrographs of the silicon phase in A356 alloy treated with and without high-intensity ultrasonic vibration are also shown in Figure 7 . Samples without subjected to ultrasonic vibration exhibited coarse acicular eutectic silicon dispersed among the fully developed primary aluminum dendrites. The eutectic silicon was about 100 lm in length. In contrast, the ultrasonically treated A356 alloy displayed a microstructure of continuous very fine eutectic silicon interspersed with fine globular primary aluminum grains. The shape and size of individual eutectic silicon grains were undistinguishable at such a magnification. Figure 8 shows the comparison of the threedimensional morphology of eutectic silicon observed by SEM on a deep-etched sample. [26] The eutectic silicon with ultrasonic treatment exhibits a rosette-like form, whereas it has a typical coarse plate-like form without ultrasonic treatment. The result again suggests that the modified eutectic silicon is not simply a finer form of the unmodified A356 alloy. The mechanism by which the finer eutectic silicon phase forms under power ultrasound is not clear at the moment. However, the rosettelike structure of the silicon phase shown in Figure 8(b) is an indication that the eutectic cells are nucleated in the remaining liquid among dendrites during eutectic solidification. The center of the rosette could be the center of a eutectic cell. The untreated specimen exhibited platelike structure shown in Figure 8 (a) which is most likely due to the nucleation and the subsequent growth of the eutectic cells on the existing aluminum dendrites, rather than the independent nucleation and growth of the eutectic cells in the liquid shown in Figure 8(b) .
Ultrasonic grain refining of pure aluminum metal that contains no grain refiners (directly from a smelter) has been demonstrated recently. Figure 9 shows grain structure in ingots poured at 973 K (700°C) into the same copper mold discussed above. Without the addition of grain refiners, the grain structure is columnar. The average grain length is around 16 mm (Figure 9(a) ). The addition of 0.4 pct of Tibor master alloy (Al-3 wt pctTi and 1 wt pctB) reduces the grain size but the grains are still columnar (Figure 9(b) ). The columnar grains are removed in the bulk of the ingot when the addition of grain refiners is increased to 0.6 pct (Figure 9(c) ). The use of continuous ultrasonic vibrations during the solidification process of pure aluminum produces equiaxed grains, shown in Figure 9 (d), which are comparable to that with the addition of 0.6 wt pct grain refiners. Ultrasonic refining is indeed effective in reducing grain size in pure aluminum.
The mechanisms of grain refining using high-intensity ultrasonic vibration are still not fully understood. Apart from the effects of cavitation and acoustic streaming on grain refining discussed above, the use of a cold sonotrode (at room temperatures) to vibrate the hot liquid metal produces chill effect that encourages the formation of nuclei or even dendrites (solutal dendrites in an alloy or thermal dendrites in pure metal) on the cold surfaces of the sonotrode and copper mold. Dendrites formed in an acoustic field can be broken up by oscillating bubbles. [27] Our experimental observation suggests that the best grain refining effect occurs when the ultrasonic vibration is introduced in the molten alloy within 283 K (10°C) above the liquidus temperature and throughout the solidification process. This is a clear indication that grain refining under fast cooling conditions is mainly related to the formation of nuclei and the initial growth stage of the solids. It is believed that a large number of nuclei are formed on or near the cavities either during their growth stage (during the rarefaction phase of the ultrasonic vibration) and or during their implosion. Fast cooling of the ultrasonic processed liquid ensures that the nuclei thus formed grow into small grains. Mechanisms based on fragmentation of dendrites become important under slow cooling conditions or under conditions when a large fraction of solid dendrites are formed in the solidifying alloy.
It has to be pointed out that most of the work on ultrasonic grain refining of metals and alloys was performed on samples smaller than a few kilograms. It is reported that ultrasonic grain refining of large industrial-size ingots has been successfully achieved [1] but similar tests carried out in an aluminum company in United States were not successful. Noval ways need to be developed in maintaining the survival of acoustically induced nuclei in a molten alloy during the mold filling and the solidification process.
V. WELDING
The performance of weldments is closely related to important issues such as the mechanical properties and the weldability of the weld metal (WM), and integrity of the weld. These issues are determined by the microstructure of the weld. A significant amount of research has been carried out to alter the process variables and to use external devices to obtain microstructure control of the weldments. It has been reported that grain refinement of a weld not only is capable of reducing cracking behavior of alloys including solidification cracking, cold cracking, and reheat cracking, [28] but also improving the mechanical properties of the WM, such as toughness, ductility, strength, and fatigue life. Weld pool stirring, arc oscillation, arc pulsation, and magnetic arc oscillator have been applied to fusion welding to refine the microstructure. High-intensity ultrasonic vibration can also modify the microstructure of the weldments. In fact, the weld pool is quite small so ultrasonic vibration can be applied throughout the entire weld. The challenge is the coupling of ultrasonic vibration to the weld pool during its solidification. Figures 10 and 11 show the typical microstructures of the weld deposits extracted from the transverse sections of specimens produced with and without using ultrasonic vibrations. [29] These photomicrographs consist of several figures taken continuously along the fusion line (FL) from the top to the bottom of the cross sections. Figure 10 shows the typical WM microstructure. Columnar grains are produced without using ultrasonic vibration. During solidification process, grain growth initiates from the liquid phase on the existing crystalline substrate at the fusion boundary and proceeds toward the weld centerline without altering the crystallographic orientation much. Figure 11 shows the microstructure produced using ultrasonic vibration. The size of the zone of columnar dendritic microstructure is substantially reduced in comparison with those in Figure 10 . Equiaxed grains are formed due to high-intensity ultrasonic vibrations.
Another application of ultrasonic vibration is for the elimination of unmixed zone in the weldment of superaustenitic stainless steels.
Unmixed zone is a boundary layer adjacent to the fusion boundary and consists of base metal (BM) which is melted and solidified during welding without experiencing much mechanical mixing with the filler metal. [30] As a fundamental phenomenon in welding of steels, unmixed zone is thought to occur for all combinations of filler and base materials and for all fusion welding methods. The solidification of the unmixed zone initiates epitaxially on the partially melted region and proceeds in a manner identical to the fusion zone. This region may be clearly observed in heterogeneous couples where the melting range of the consumable electrode approached or exceeded the melting range of the BM. The existence of unmixed zone has been caused more concerns in recent years in the welding industry for its effect on weld-associated corrosion. Very often, alloys with high levels of molybdenum, chromium, nickel, and nitrogen are required to increase their corrosion resistance in a chemically aggressive environment. However, no matter how excellent the BM and filler metal are individually, when they are welded together, the unmixed zone will form along the FL in a solidified weldment. It has been found that corrosion can preferentially occur in the unmixed zone in an environment in which the BM and WM are resistant to corrosion. [30, 31] Because of its inferior localized corrosion resistance, great efforts have been carried out to find ways to decrease the width of the unmixed zone. Figures 12 and 13 show the microstructure of an AL-6XN SMAW BOP weld made with C-22 filler metal welded with and without high-intensity ultrasonic vibration. [32] These figures consist of several micrographs taken continuously along the FL from the top to the bottom of the cross sections. A clear layer of unmixed zone exists between the WM and BM of the weld shown in Figure 12 . The unmixed zone initiates epitaxially on the partially melted region and proceeds in a manner identical to the fusion zone. This is clearly indicated in the high-magnification micrograph shown in the up right corner of Figure 12 . Experiments have shown that fluid flow or convection in the weld is not sufficient to eliminate the unmixed zone since a laminar boundary layer always exists at the freezing front. In this laminar layer, mixing of the metals is controlled by diffusion in the liquid. Figure 13 shows the microstructure of the weld subjected to ultrasonic vibrations throughout the welding process. No unmixed zone formation was observed along the entire FL. This can be attributed to a thorough mixing between the melted BM and WM under the influence of ultrasonic vibration. The injection of high-intensity ultrasonic fields in liquid gives rise to nonlinear effects such as cavitation and acoustic streaming. Both of these nonlinear effects are strongest near the solid-liquid interface during the melting and solidification of the weld. In fact, the ultrasonically induced turbulent flow is initiated at the solid-liquid interface adjacent to the location where the unmixed zone usually occurs. This turbulent flow ultrasonically induced provides strong mixing of the molten BM with the molten filler metal, resulting in the elimination of the unmixed zone during the welding of the super-austenitic stainless steel.
VI. NANOSTRUCTURED METALS
Ultrasonic vibrations produce oscillating strain and stress fields in solid materials. [1] Experiments have shown that ultrasonic vibrations above a critical intensity increase the concentration of dislocations and point defects in solids. The density of the defects increases with increasing ultrasonic intensity. When the density of the dislocations is high enough, an alignment of dislocations occurs. It has been observed that a distinct cellular structure, about 2 lm in size, is formed in ultrasonically treated aluminum monocrystals after it was exposed to ultrasonic vibration for only 8 seconds. [33] These experimental results indicate that ultrasound can be a powerful source for inducing plastic deformation in metallic materials. The main issue in using high-intensity ultrasonic vibration for producing ultrafine grains is that the material may fail a fatigue failure because of the alternating, high-frequency tensile/compressive stresses generated using ultrasonic vibration. If an external compressive force is applied to a sample subjecting to ultrasonic vibration, the fatigue failure can be delayed because of the additive nature of the forces/stresses.
A feasibility study was carried out to test if nanostructured could be produced in a metal sample using high-intensity ultrasonic vibration. [34] As illustrated in Figure 14 , a conical specimen with a length of an integral multiple of a half wavelength of the ultrasonic wave was connected to an ultrasonic horn and a 20 kHz, 1.5 kW ultrasonic generator. The tip of the specimen, carrying the total weight of the specimen as well as the horn and transducer, was in point contact with a steel substrate. Thus, compressive stresses were built on the tip of the specimen. High-intensity ultrasonic vibration was then injected to the specimen for 60 seconds, resulted in severe plastic deformation at the tip of the specimen. Figure 15 depicts the tip of the deformed specimen. In Figure 15 , the upper left insert shows the tip before it was deformed. The sharp tip of the conical specimen became umbrella shaped or disk shaped. The initial diameter of the tip of the conical specimen was 0.5 mm and the grain size of the 1010 steel was 20 lm. The sharp tip of the specimen became ''umbrella'' shaped almost instantly when ultrasonic vibration was applied to the specimen. The deformation rate was then decreased as the vibration time was increased. After subjecting to 60 seconds of ultrasonic vibration, the length of the specimen was decreased by 4 to 6 mm and a disk (or ''umbrella'') of 5 mm diameter was formed at the tip. On the brim of the ''umbrella'', the original grains were severely deformed into extremely narrow strips about 200 nm wide, shown in Figure 16 (a). Within each nanosized strip, a large number of small features/grains in the neighborhood of 100 nm exist, shown in Figure 16(b) .
Results shown in Figures 15 and 16 indicate two important features: (1) The tip diameter has varied from 0.5 mm to 5 to 6 mm (over 1000 pct), representing a significantly large plastic deformation of the metal near the brim of the ''umbrella'' or ''disc'', and (2) the grain size has been reduced from 20 lm to around 100 nm at the brim of the ''umbrella'', representing a significant amount of grain refinement. Similar study has been carried out using steels, copper alloys, and aluminum alloys. Nanostructures have been obtained in all three alloys. [35, 36] A natural extension of the approach demonstrated in the feasibility study is to (1) use a large external load to deform the specimen, while it is subjected to ultrasonic vibration, and (2) use a metal die to collect the deformed materials and to collect/confine the deformed material into a desired shape, such as a rod or a square billet. The use of large external load makes plastic deformation much fast. The use of a metal die, such as the die used for equal channel angular extrusion, to collect/confine the deformed materials assists the ultrasound-induced plastic deformation with severe shear plastic deformation. [37] VII. CONCLUSIONS High-intensity ultrasonic vibration can be used assisting a number of material manufacturing processes. It can be applied in molten metal for a rapid degassing, for encouraging chemical reactions between solid particle and the melt, and for dispersing small particles in a melt. It can be applied at the solidification stage of an alloy for grain refining, for modifying the morphology of the secondary phases, for eliminating columnar grains and obtaining equiaxed grains, and for minimizing unmixed zone in a mushy zone. When applied to solid metals, high-intensity ultrasonic vibration can induce severe plastic deformation and thus forms grain size in the range from 100 to 200 nm. However, some of these beneficial effects of ultrasonic vibration on metals and alloys are mainly achieved in small specimens. Further effort needs to be made to extend these research results into industrial applications.
